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I. INTRODUCTION 



o 
o 

The quasinormal modes of a black hole present complex frequencies that correspond to solutions of the perturbation 
equations, which satisfy the boundary conditions appropriate for purely ingoing waves at the horizon and purely 
outgoing waves at infinity. VishveshwaraJTj firstly pointed out the concept of QNMs in calculations of the scattering 
of gravitational waves by a black hole. The study of QNMs of black hole has a long history 0- [13. The WKB[l1|-j20f 
approach is a semi-analysis method which was used by many scientists to calculate QNMs such as Schwarzschild|2l| . 
Reissener-Norstromj^, Kerr(23j, Kerr- Newman [24] and so on . Recently, the properties of quasinormal modes have 
I , been investigated in the context of the AdS/CFT[2a|-[3l1| correspondence and Loop Quantum Gravity [Hj]- [51. 
J> ' Recent measurements of the cosmic microwave background(CMB ) [35l combined with supernovae of type Ia|36l|. large 
0^ \ scale structure (cosmic shear) [37{ and galaxy cluster abundances (38| show that 70% of the Universe is dominated by 
a mysterious dark energy which causes the cosmic expansion to accelerate and 26% cold dark matter, the ordinary 
baryonic matter makes up only 4%. There are several types of models of dark energy, such as: the cosmological 
constant [3Sj . quintessence [Hj, phantom [4X|] , k-essence[42j. quintom[43[ models. For quintessence, the equation of 
\q ' state is given by p q — w q p q with w q in the range of —1 < w q < — |. Recently, Kiselevpdj considered Einstein's field 
equations for a black hole surrounded by the quintessential matter and obtained a new solution dependent on the 
state parameter w q of the quintessence. And Songbai Chen et al[45j has evaluated the quasinormal frequencies of 
massless scalar field perturbation around the black hole which is surrounded by quintessence. The result shows that 
1 1 due to the presence of quintessence, the scalar field damps more rapidly. In our paper, we investigate gravitational 
perturbation in this situation. 

• • i In this paper, the quasinormal modes of Schwarzschild black hole surrounded by quintessence were evaluated by the 
' third-order WKB approximation. 

II. QUASINORMAL MODE OF GRAVITATIONAL PERTURBATION AROUND THE BLACK HOLE 

SURROUNDED BY QUINTESSENCE 

The author [3] gets the general forms of exact spherically-symmetric solutions for the Einstein equations describing 
black holes surrounded by the quintessence with the energy momentum tensor, which satisfies the condition of the 
additivity and linearity. The metric |45| is given by 

d * 2 = (1 - ^ - ^Ti)^ 2 - (1 - ~ ^r 1 * 2 - + sindV), (1) 

where M is the black hole mass, w q is the quintessential state parameter, c is the normalization factor related to 
p q = — | r 3(i+L q ) , and p q is the density of quitenssence. 

The study of black hole perturbations was initiated by Regge and Wheeler [46| for the 'odd 'parity types of harmonics 
and was continued to the 'even'parity by Zerilli [47l| . 
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Indicate the background metric with and the perurbation in it with h^. The perturbation h^ v are supposed to 
be very small compared with g^ v . The can be calculated from g^ u , and R^ v + SR^ from g^ + h^ v . dR^ can 
be expressed in the form 48] 



where 



(2) 
(3) 



The canonical form for the perturbations in the Regge- Wheeler gauge is given as [46 
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and eliminate /io> we then get 



(^2 +w 2 )$(r) = V$(r) 



(9) 



where 



y = (i 



2M c 6Af c(3w g + 3) N 



In this paper, we use the third-order WKB approximation method devised by Schutz, Will[l8j and Iyer[lJ 
formula for the complex quasinormal frequencies to is 



where 
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Take M = 1, c = 0.001 and M = l,c = for our calculation. And c = means there is no quintessence. Using 
the third-order WKB approximation, we can get the solutions as shown in the table 1 and table 2 . Where I is the 
angular harmonic index, n is the overtone number, u) is the complex quasinormal frequencie, w q is the quintessential 
state parameter. 



TABLE I: The quasinormal frequencies of gravitational perturbation in a Schwarzshild black hole without 
quintessence(c=0) . 
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III. DISCUSSION AND CONCLUSION 



The data of table I is obtained by using the WKB method in a Schwarzschild black hole without quintessence, 
and table II is under the quintessence. Explicitly, we plot the relationship between the real and imaginary parts of 
quasinormal frequencies with the variation of w q (for fixed c = 0.001), and compared with no quintessence. From the 
figure I we can find that for fixed c(uncqual to 0) and I the absolute value of the real and imaginary parts decrease as 
the quintessence state parameter w q decreases. The quasi-normal modes of the black hole present complex frequencies 
whose real part represents the actual frequency of the oscillation and the imaginary part representing the damping. 
It means that when the value of w q is smaller, the oscillations damps more slowly. Also the absolute value of the 
real and imaginary parts of quasinormal modes with quintessence is smaller compared with no quintessence for given 
I and n. That is to say, due to the presence of quintessence, the oscillations of the gravitational wave damps more 
slowly, and that is different from the situation of the scalar field given by Songbai Chen et al[45j|. 

As we know, lots of stars will end their lives with a violent supernova explosion. This will leave behind a compact 
object oscillated violently in the first few seconds, emit a large amount of gravitational radiation and the initial 
oscillations will damp out. We could observe for a few tenths of a millisecond continuous monochromatic blasting 
if the supernova remnants formed a black hole. And the gravitational waves will carry away information about 
the black hole. From the calculation, the paper shows that the quintessence will influence the quasinormal modes 
of gravitational perturbation around a black hole. We set c = 0.001. c is the normalization factor related to the 
density of quintessence around the black hole. Actually, c may be much smaller than 0.001 and hence the influence 
to gravitational perturbation could be neglected. Although the QNMs are predicted by the perturbation equations, 
it is not always clear which ones will be excited and under what initial conditions. Only when the density of the 
quintessence surrounding the black hole is high enough to make the influence on the QNMs distinct and measurable 
could we investigate the character of quintessence by way of extraction and analysing the experimental data. 
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TAB1E ILThe quasinormal frequencies of gravitational perturbation in a Schwarzshild black hole surrounded by 
quintessence for I = 2, I = 3, I = 4, I = 5 and c = 0.001. 
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FIG. 1: The relationship between the real and imaginary parts of quasinormal frequencies of the gravitational perturbation in 
the background of the black hole surrounded by quintessence for fixed c = 0.001 and no quintessence for c = 0. x and * refer 
to that there is quintessence and no quintessence, respectively. 



